Abstract. The main objective of this article is to present the influence of high temperatures on mechanical properties of advanced refractory cement composite reinforced with carbon fibres. The presented material is suitable for industrial applications and can withstand elevated temperatures up to 1000°C. The action of high temperatures was investigated on two temperature levels 600°C and 1000°C and was compared to reference specimens dried at 105°C. The carbon fibres with flexural strength of 4100 MPa were applied in dosage 0.50 %, 0.75 % and 1.00 % of the total volume. The second investigated modification was mutual ratio between aluminous cement and fine ceramic powder. The influence of high temperatures was investigated by measuring the bulk density, compressive and flexural strength, dynamic modulus of elasticity and fracture energy; all measured on prismatic specimens 40 × 40 × 160 mm. The workability of fresh mixture was limited by the maximum dosage of carbon fibres in 1 % of the total volume. Based on the workability and evaluation of residual mechanical properties after temperature loading, the best was found to be the combination of carbon fibres in dosage of 0.75 % by volume.
Introduction
The area of refractory composites provides a wide range of solutions based on various binder or filler systems, temperature of application, type of bond, etc. We can recognize two main categories of refractory materials -cement based composites and ceramics; this article will focus on the cement based composites. Binders can be split up in four major groups based on the bonding system: hydraulic, chemical (organic or inorganic) and ceramic bonding [1] . The hydraulic bond is created by a hydration of aluminous cement, where the final refractory properties are influenced by total amount of Al 2 O 3 , and it is described in the following article. The phosphate materials (for example magnesia-phosphate) represent the example of the chemical bond, especially due to their high melting point [2] . Composites based on these types of bonds are also know as no-cement castables (NCC) [3] . The ceramic bond usually starts at temperatures up to 800°C and the first heating is necessary for a successful formation of this type of bond, it is usually called sintering. The ceramic bond is usually formed between the grains and the matrix as well as in the matrix itself [4] .
The design of fibre-reinforced cement composite materials resistant to high temperatures involves three major aspects: resistance of the matrix, resistance of the fibres and compatibility of the fibres with the matrix in high-temperature conditions (cohesion before and after exposure to high temperatures). Every material used in the refractory composite has an appropriate temperature range of application.
Application of fibres.
Two main principles for the fibre application in cement composites that are exposed to elevated temperatures can be defined -to achieve better mechanical characteristics (together with resistance) and to provide a free space for evaporating water. Using the polyethylene fibres in structural concrete leads to an increase of its fire-resistance where the fibres burn out and the water expands into the free space, which leads to a decrease of pressure of the evaporating water and the spalling from the surface is limited [5] . However, the polypropylene fibres may lead to a small reduction in the compressive strength [6] . In the basic principle, this type of fibres does not improve mechanical properties after the action of elevated temperatures. Fibres have a positive influence on the long-term behaviour of the composite exposed to an elevated temperature, gradual changes of temperature or thermal shock. Very positive effect of fibres was achieved in eliminating the cracks and micro-cracks in the composite structure. A dosage of 1.0 % of volume of basalt fibres eliminates the cracks on surface even after an exposure to a cyclic load at 1000°C [7] . Also, the drying process could cause cracks, therefore, the fibres limit the crack propagation [8] . The steel fibres are not suitable for the purpose of refractory composite, due to the decrease of steel s strength at approximately 600°C (especially during a long-term action of elevated temperature) [9] . For decades, the asbestos was the most successful solution for the production of fire-safety or fire-resistant materials, including cement composites (this material is also well known for its vol.
no. / Applicability of Carbon Fibres in Refractory Cement Composites long-term durability). Due to several research works focused on health risks of asbestos [10] , the use of this material has been strictly prohibited by standards and government regulations. The carcinogens material (asbestos) has been replaced by modern materials like basalt, carbon, glass, ceramic, etc. [11] . The amount of fibres (optimal dosage and also the maximal dosage) in the cement composites mixture depends on the required properties, type of application, used aggregate, micro-filler, type and the purpose of composite, cement, liquid admixture, etc. The essential part is also the material of used fibres, the geometry or possible treatment of its surface. For the purpose of the ultra-high performance fibre reinforced concrete (UHPFRC), the high strength steel fibres are commonly used, where the optimal dosage oscillates from 1.5 % to 2.0 % of volume [12, 13] . The optimal dosage of fibres in the field of refractory composite has also been investigated, where the amount from 1.0 % to 2.0 % of basalt fibres can be classified as suitable for an elevated environment [14] . The optimal dosage of ceramic fibres can be found in a level about 4.0 % [15] . A composite with this amount of fibres achieved highest mechanical properties, while the self-compacting characteristics are maintained usually with a high dosage of plasticizers.
Development of the composite
A natural crushed basalt aggregate of two fractions (0/4 and 2/5 mm) limits the temperature range of application. The sieve test of basalt aggregate and fine ground ceramic powder had been performed before the design started. The following paragraphs deal with other main components; for completeness, the potable water and superplasticizer Sika SVC1035 were used. Thanks to the superplasticizer, the fresh mixture achieved parameters of self-compacting concrete. Jogl et al. in [16] showed that the dosage of the superplasticizer does not significantly affect the final strength properties of a refractory composite. , is suitable for an application over 1600°C. This high utility material is produced by burning of the artificial bauxite in an electric furnace. The boundary conditions rapidly influence the hydration process of the aluminous cement, final properties and the stability of hydration products. It is well known that the reaction of calciumaluminate (CA) with water forms various hydration products according to the curing temperature. The following equations describe the dependence of the hydration on the temperature [17, 18] , where the standard convention is used (CaO = C, Al 2 O 3 = A):
Calcium aluminous cement (CAC
The threshold temperature for the composite based on ordinary Portland cement is 400°C, when the portlandite -Ca(OH) 2 decomposes to water and lime. The influence of elevated temperatures on the composite on the basis of CAC starts by a dehydration of CAH 10 and C 2 AH 8 [19] . The C 12 A 7 is the first observable dehydration product. CA 2 is detected at a temperature of about 600°C and it is a product of the thermal decomposition of AH 3 . The lowest strength of the aluminous cement is achieved between 800°C and 900°C, when the CAH is completely decomposed and the formation of ceramic bond still has not occurred [19] .
Carbon fibres. The role of carbon fibres lies in improving of the service properties, mainly increase in heat, corrosion and crack resistance of refractory materials [20] . Kashcheev et al. implied [11] that the main effect of carbon fibres lies in the change of the failure mechanism and increase in the fracture toughness; the optimal concentration of fibres in refractory cement composites was 0.05 % of weight. Carbon fibres (Tenax® -A HTC124), 12 mm in length, were used to reinforce the investigated refractory cement composite and are shown on Figure 1 . The properties of these fibres are: tensile strength 4100 MPa, modulus of elasticity 225 GPa, diameter 7 µm and bulk density 3000 kg/m 3 .
Fine ceramic powder. The binder system of cement refractories is usually supplemented and modified by various types of fine fillers. For the purpose of described refractory composite, a fine ground ceramic powder was used. It is a waste product from the grinding process of a brick blocks production. Due to the content of amorphous phases, approximately 40 %, exhibits pozzolanic properties. Various studies investigated a possible application of fine fractions of recycled concrete in cement composites [21] . Ceramic powder has its use as a partial replacement of cement in modern concrete mixes [22] , for limecement plaster [23] due to the pozzolanic properties, etc. Fe 2 O 3 limits the usability of all materials for an application in a high temperature environment; a recommendation from available literature coincides to limit the maximum amount on 4 % of weight [24] . The utilization of waste material, which additionally had been exposed to a temperature loading process -during brick manufacturing, made the added value. The ceramic powder seems to be an alternative for metakaolin or microsilica for the refractory composite production.
Component
Mixing procedure. The mixing procedure took place in a horizontal laboratory mixing machine; the first phase consisted of the homogenization of aggregates and fine components. 50 % of water and 50 % of carbon fibres were added in the second phase. The rest of water with the plasticizer was added in the third phase. The process of mixing ends after 2 minutes, when the remaining part of fibres and their homogenization took place. The mixing process is similar to an ultra-high performance concrete production described for example in [25] .
Experimental analysis
The influence of elevated temperatures on a refractory cement composite was investigated by an exposure to two different temperature levels (600°C and 1000°C) for 240 minutes in an electric furnace. The samples were 28 days old. The temperature in the furnace rose up by 10°C/min. Reference samples were dried at 105°C for 72 hours. A measuring of basic and advanced mechanical properties and their decrease describes the effect of the elevated temperatures (600°C and 1000°C). The experimental analysis (bulk density, dynamic modulus of elasticity, flexural strength, compressive strength and fracture energy) was performed after the temperature loading process. In total, nine specimens were produced from each mixture (three specimens were reference, three were exposed to 600°C and three were exposed to 1000°C).
Dynamic modulus of elasticity. The evaluation of the non-destructive measurement of dynamic modulus of elasticity took place according to
where E cu is the dynamic modulus of elasticity [MPa] , is the bulk density of measured material [kg/m 3 ], v L is the pulse velocity of ultrasonic waves [m/s], k is the characteristics of the environment [-], [27] .
A Proceq Punditlab+ testing device has been used to determine the ultrasound speed v L . The pulse transducer (54 kHz) and the receiver were positioned on the opposite sides of the prismatic specimen to require only the one-dimension adjustment. For the performed test arrangement, k = 1 was used. This non-destructive method finds its application in describing the effect of the influence of high temperature [26] or other non-force loads on mechanical properties of building materials.
Compressive and flexural strength. The mechanical properties of a common cement composite are tested according to Czech standards; for the purpose of this experimental program, the compressive strength (f c ) and the flexural strength (f t ) of refractory cement composite were tested in an accordance with CSN EN 196-1 [28] . Three-point bending test with the clear span of supports 100 mm was performed by universal loading machine MTS100. The test was controlled by the increase of the deformation (0.02 mm/s). The flexural strength was calculated, based on the theory of plasticity with the help of the maximum reached force. The compressive strength was investigated on two fragments left after the bending test. Table 3 . Values of bulk density (before and after exposure to elevated temperatures). by a loading-device, which was put into the loading machine EU40. This test was also controlled by the increase of the deformation (0.02 mm/s).
Fracture energy. Cement composite, as a quasifragile material, shows the fracture process zone behind an existing notch or crack front. Due to the micro-cracking, the softening of the material took place. The experiment was arranged without a notch to monitor the entire destruction of the specimen, which was exposed to the elevated temperatures, because the crack initiation starts on the surface, which is the most exposed area of the specimen. The selected approach allows a better comparison of the influence of fibres. For the evaluation of fracture energy, we can successfully use a bending test, where the load-deflection dependence is recorded. Based on the recommendation of RILEM [29] , fracture energy was calculated according as A load-deflection diagram has been derived based on the data record from MTS 100 loading device.
Due to the bending test arrangement without notch, the fracture energy was calculated from the area under the load-deflection diagram before the peak load.
Results and discussion
It is necessary to mention that the temperature loading started at the age of 28 days. All specimens had been stored in a 90 % humidity environment with a temperature of 22°C. All samples were dried at 105°C for 72 hours to evaporate free water from the inner structure. The drying process took place due to the technical limit of the used electric furnace. The drying process was a preventive step to limit the explosive spalling due to evacuation of steam and consequent risks of furnace damages. The first group of three specimens was a reference, the second group was exposed to 600°C for three hours and the last group was exposed to 1000°C for three hours. At first, the measurement of weigh and dynamic modulus of elasticity took place, then, the destructive testing was carried out. Table 4 summarizes the calculated values of the bulk density. The weight was measured after the thermal loading (at approximately 60°C), while the dimensions were measured at laboratory conditions before the thermal loading. Two technological parameters reduce the values of the bulk density -increasing the amount of fibres and increasing the amount of ceramic fibres. An approximate 3 % decrease of bulk density is caused by the dosage of 25 % of ceramic powder (for the reference specimens without a temperature load). A dosage of 1.00 % of carbon fibres reduces the bulk density by 3.5 %, in comparison with 0.50 % of fibres. The highest decrease of the bulk density is caused by the action of the temperature load on 1000°C level, where the decrease slows with an increasing amount of fibres (from 9.7 % to 5.2 %). Figure 2 describes the dependence of the bulk density on the temperature loading and also on technological parameters.
Bulk density

Mechanical and fracture parameters
Compressive strength
From the point of view of compressive strength, the fibres dosage of 0.50 % is not sufficient. This is mostly caused by the technological aspects -the amount of 0. after an exposure to 1000°C, the residual compressive strength achieved approx. 40 % of its original values.
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Flexural strength
Fibres dosage does not influence the flexural strength of reference specimens dried at 105°C, while the fibres affect the flexural strength especially after the action of 1000°C. The residual flexural strength after the action of 1000°C corresponds to approximately 30 % of the original strength. Figure 4 evaluates the dependence of flexural strength on the type of the temperature load.
Fracture energy
The fracture characteristics are not ordinarily mentioned in a common experimental investigation of cement composites, including refractories. Increasing the amount of fibres positively affects fracture energy; in average, up 15 % in reference specimens without the temperature load (difference between 0.50 % and 1.00 % of carbon fibres). The Fracture energy of specimens exposed to the elevated temperature is approximately on the same level (see Figure 5) . The difference of fibre dosage in the case of reference specimens can be quantified as approx. 20 % (the increase of fracture energy between 0.5 % and 1.0 %). We can conclude that from the point of view of fracture energy, 20 % of ceramic powder is the most suitable option.
Dynamic modulus of elasticity
The dynamic modulus of elasticity is rapidly influenced by the action of temperature (see Figure 6 ), due to the interconnection with the decrease of bulk density. The average reference dynamic modulus of elasticity of mixture with 0.75 % of fibres corresponds to 120 % of specimens with 0.5 %. The dynamic modulus of elasticity after the action of 600°C and 1000°C achieves similar average values, however there can be minor differences observed between the studied mixtures. As mentioned above, this method is suitable for the description of gradual changes, e.g., as an effect of the elevated temperatures. 
Ductile behaviour
The failure modes of specimens made from mixtures with 80 % of aluminous cement and 20 % of ceramic powder are described on Figure 7 (0.50 % of fibres) on Figure 8 (0.75 % of fibres) and on Figure 9 (1.00 % of fibres). The effect of 600°C and 1000°C on the failure mode of 600°C and 1000°C was investigated in comparison with 105°C (reference). The maximal deformation of reference s specimen decreases with the increasing amount of carbon fibres -especially the difference between 0.75 % and 1.00 % is perceptible. Also the deformation corresponding to the maximum achieved force during the bending test of specimens exposed to 1000°C follow the trend described above (decreasing deformation with increasing amount of fibres). The fragile failure of reference specimens (105°C) occurs independently of the fibre amount, while specimens after the thermal loading (600°C and especially 1000°C) show a ductile behaviour.
Conclusions
Based on the performed experimental program and evaluation of the results, we can draw several conclusions. All basic and mechanical properties were measured on 162 prismatic specimens in total, which were tested after being exposed to elevated temperatures (reference at 105°C, 600°C and 1000°C). According to the results of the destructive testing, following conclusions can be drawn: limit for a sufficient workability. A higher amount than 1.0 % of fibres is not possible to homogenize in the mixture, which causes clusters of fibres. The mixture with a dosage of 0.5 % of volume achieves self-flow characteristics of fresh mixture. Dosage of 25 % of ceramic powder leads to an average 3.2 % decrease of bulk density (in comparison with 100 % of aluminous cement).
(2.) Increasing the amount of carbon fibres positively influences tensile characteristics (flexural strengthfcm), especially after the exposure to high temperature, mainly 1000°C. This phenomenon confirms the premise of maintaining a mutual cohesion between the surface of fibres and hydration products after the temperature loading. Regardless of the amount of fibres, the tensile characteristics of the composite without the temperature loading are approximately on the same level. The values of the fracture energy are influenced by carbon fibres in a similar way as the flexural strength is. The ceramic powder positively effects fracture energy, especially after an exposure to a temperature load. The compressive strength does not decrease so rapidly as the other mechanical properties. The most suitable amount of carbon fibres is 0.75 % of the total volume. A dosage of 1.00 % of carbon fibres is the limit for achieving a satisfactory workability of the fresh mixture. Originally brittle failure mode of reference specimens changes to a mode with a softening part of the load-deflection diagram, because of the activation of carbon fibres. The deflection at maximum force is lower in the case of specimens exposed to the elevated temperature.
The results of the performed experimental program clearly showed a successful application of carbon fibres and fine ceramic powder for a refractory cement composite production. Based on the evaluation of the mechanical parameters, the most suitable solution is the combination of 720 kg/m 3 of aluminous cement Secar®71 and 180 kg/m 3 of a fine ground ceramic powder. The optimal dosage of carbon fibres, based on the workability of the fresh mixture and mechanical properties, is 0.75 % of the total volume. The application of fine ground ceramic powder suitably complements the granularity (grain size between aluminous cement and basalt aggregate) and reduces the environmental impact and CO 2 production (reduction of aluminous cement consumption, which is highly energy-intensive).
